Dissecting the molecular mechanism of a biological process requires identifying the proteins and protein-protein interactions that mediate the process. To that end, investigators have seized upon the utility of the yeast two-hybrid system to directly assay interactions between known proteins (1) and to isolate novel interacting partners for a protein of interest (2). Once a protein-protein interaction is identified, however, a great deal of additional experimentation is required to further characterize the functional relevance, structure, and regulation of the observed interaction. The identification of mutations in each partner of an interacting pair of proteins, which disrupt the interaction, can be useful not only for probing the structural components of an interaction, but also as a way to generate genetic tools for characterizing in vivo function. This can be particularly important for proteins that have multiple interacting partners. In vivo expression of variants that interact with only a subset of partners can provide information about which interactions are important to mediate specific activities in the cell. In this issue of the Proceedings, two papers by Vidal and colleagues describe the development (3) and application (4) of a "reverse" two-hybrid system specifically designed to facilitate identification of events that dissociate proteinprotein interactions.
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The crux of the reverse two-hybrid system is the incorporation of a reporter gene, to monitor protein-protein interactions, whose product can be toxic to growing cells. This allows the use of selective pressure against the formation of twohybrid complexes. The yeast URA3 gene product is essential for uracil biosynthesis and can also catalyze the transformation of 5-flouroorotic acid (5-FOA) into a toxic compound (5). Vidal et al. (3, 4 ) engineered a yeast strain in which expression of URA3 was controlled by a tightly regulated promoter containing GAL4 binding sites. Growth of this strain on media lacking uracil requires expression of interacting GAL4 activation domain (GAD) and GAL4 DNA-binding domain (GBD) fusions, while growth on complete media containing 5-FOA is inhibited by interacting GAD and GBD fusions. Therefore, dissociating mutations in interacting proteins can be isolated from a library of randomly generated mutants by selection for 5-FOA-resistant colonies (3) .
The facility of the yeast two-hybrid system to identify proteins carrying dissociating mutations from randomly generated populations of mutants was first demonstrated by Li and Fields (6) in a screen for mutations in the tumor supressor p53 that disrupt binding to simian virus 40 large T antigen. To detect association between p53 and large T antigen, they expressed p53 as a GBD fusion and large T as a GAD fusion in a two-hybrid reporter strain containing the Escherichia coli lacZ gene under control of the yeast GALI promoter. Expression of both fusions in yeast induced lacZ expression, and the resulting ,B-galactosidase turned colonies blue when exposed to 5-bromo-4-chloro-3-indolyl f3-Dgalactoside. To isolate dissociating mutations, p53 was randomly mutagenized by PCR to generate a library of mutant p53-GBD fusions. This library was screened for fusions that produced pale blue or white colonies when co-expressed with large T antigen-GAD fusions. Although some of the dissociating events identified in this manner were due to a failure of yeast to produce stable full-length p53 (presumably due to frame shifts, nonsense mutations, and destabilizing mutations), 34 distinct p53 mutants were identified that were stably expressed in yeast but had an attenuated interaction, or no interaction with large T antigen. Many of the mutations in these proteins fell within regions frequently found to be mutated in human cancers (6) . Using similar methods, Shan et al. (7) identified single amino acid changes in the transcription factor E2F-1 that disrupted interaction with the retinoblastoma protein (RB). This study identified critical amino acids within the domain of E2F-1 required for RB binding. Importantly, expression of the RB-binding defective E2F-1 mutants, in mammalian cells with wild-type RB, resulted in phenotypes that resembled loss of RB function, providing direct genetic evidence of the functional importance of the E2F-1/RB interaction (7). A two-step screening procedure using the yeast two-hybrid system was used to identify specific changes in a small domain of the Ras oncogene that separated the ability of Ras to interact with different downstream effector molecules (8) . A screen for Ras mutants defective in interaction with one target was followed by a secondary screen to identify variants from the first screen that retained interaction with a second target. Expression of these mutants in vivo as well as compensating mutations in targets (also isolated in two-hybrid screens) has provided important information about the way distinct Rastarget interactions mediate complex Ras signaling events (8, 9) .
Vidal et al. (4) applied their reverse two-hybrid system to the isolation of mutations in E2F1 that disrupt heterodimerization with DPi, a protein critical for high affinity binding of E2F1 to DNA and RB. Earlier studies using truncated versions of E2F1 identified domains that were sufficient for DP1 interaction but that were not required in the context of the full length protein, suggesting that multiple domains on E2F1 may be involved in DP1 binding (4) . To maximize the sensitivity of the screen, the investigators first determined the minimal number of GAL4 binding sites required in the engineered URA3 promoter coupled with the minimum concentration of 5-FOA that would still allow selection against the E2F1-GAD/DP1-GBD interaction. This had the advantage of potentially detecting even small changes in URA3 expression that would result from weakly dissociating mutations (3). Yeast colonies expressing randomly mutated E2F1-GAD fusions and DPi-fusions were screened for those that could grow on media containing 5-FOA. Approximately 5% of the transformants survived the selective pressure (4 (4) .
Six out of 400 5-FOA-resistant colonies, in the above study, contained E2F1 mutants that retained interaction with RB. The secondary screens to identify informative dissociating mutants are in fact the rate limiting steps in such studies (4, 6, 8) . In theory, introduction of a reporter gene in the reverse two-hybrid system under control of a distinct promoter element would allow primary and secondary screens to be performed simultaneously. Two hybrid systems, which utilize reporter genes controlled by promoters containing LexA binding sites, substitute the LexA DNA-binding protein for the GAL4 DNA-binding domain (10) . The addition of a LexAdependent reporter to a strain containing the GAL4-dependent URA3 reporter, described by Vidal et al. (3) , would allow a single round of double selection to identify mutations in a protein that disrupt interaction with one target while retaining interaction with a second target (Fig. 1) (3, 4) suggest that cDNA libraries and peptide libraries of high complexity can be selectively screened for molecules that induce specific proteinprotein dissociations. The ability to detect trans-acting dissociation events in the reverse two-hybrid system was demonstrated using ElA, which is known to disrupt the interaction of E2F with RB and p107 in vivo. Expression of ElA reversed the 5-FOA-sensitive phenotype conferred by RB-GBD/E2F-GAD or p1O7-GBD/E2F-GAD interactions (3) . The forward two-hybrid screening techniques described by Vidal et al. (3, 4) will greatly facilitate the generation of molecular tools to aid these studies.
